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Abstract 

A gas of atoms some of which are in excited electronic state is 
under consideration. Since the lifetime of an excited state is to great 
extent larger than the time required for establishing the equilibrium 
over translational degrees of freedom the system possesses equilibrium 
properties. They are determined essentially by many-particle reso- 
nance interactions that appear in the system of identical differently 
excited atoms. The present paper contains the results of numerical 
calculations dealing with the examination of virial state equation and 
density expansion for canonical pair spatial distribution function of 
the system in question with the accuracy up to three-particle con- 
tributions. The obtained results permit to study the excited atoms 
influence on gas-liquid phase transition and the excimer molecules for- 
mation in the gas with excited atoms. 

The conception of effective interatomic interactions in many-atom sys- 
tem usually assumes the following arguments. Consider two atoms at large 
enough distance so that the operator of interaction energy between atoms 
may be taken in the form of multipole series; often one can restrict himself by 
dipole-dipole approximation. Making use of Born-Oppenheimer adiabatic 
approximation one finds that electron terms of the system with fixed posi- 
tions of nuclei play the role of the potential energy in the nuclear problem 
and therefore they are the effective interatomic interaction. The electron 
terms of the system in question may be evaluated with the help of quantum- 
mechanical perturbation theory. Acting according to the described scheme 
in the case of two neutral atoms in the ground electronic state one finds 
that the first non-vanishing correction appears within second order of per- 
turbation theory and thus it is inversely proportional to the six degree of 
interatomic distance. This is well known van der Waals interaction. The 
non- vanishing corrections arise in the first order of perturbation theory in 
the case when identical atoms are in the states with different parity. These 
interactions are inversely proportional to the third degree of interatomic 
distance and are known as resonance dipole-dipole interactions. 

Although the resonance interactions were well known in condensed mat- 
ter physics (e.g. in the theory of molecular excitons) the physical situation 
where such interactions may lead to changes in thermodynamical proper- 
ties of many-particle system got started to discuss only in mid-1960s due to 
V.N.Malnev and S.I.Pekar [1]. Consider a gas of atoms in which due to the 
external influence (e.g. irradiation with the frequency that corresponds to 
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excitation energy of atom) a part of atoms is in the excited electronic state 
(partially excited gas (PEG)). The obtained system is essentially nonequilib- 
rium and relaxes to equilibrium. The processes of achieving the equilibrium 
are characterized by the following times: 

• the mean free path time tj that is connected with short-range repul- 
sion; 

• the dipole-dipole relaxation time r^; 

• the relaxation time of the processes of exchange by excitation between 
atoms T exc h; 

• the time of spontaneous decay of the excited state of an atom T S p] 

• the relaxation time of processes of transfer of electron excitation en- 
ergy to the energy of translational motion r c ; 

• the time connected with Doppler width td 

etc.. It is of special importance, as was noted by V.N.Malnev and S.I.Pekar, 
that usually the lifetime of an excited state (~ td,t sp ,t c ~ 10~ 9 — 10 _8 s) 
is to great extent larger than the time that is needed for establishing the 
equilibrium over translational degrees of freedom (~ tj ~ 10 -11 — 10~ 10 s). 
This follows both from experimental data and theoretical estimations [2- 
14]. Thus, one faces with the problem of noncomplete equilibrium, i.e. the 
equilibrium with respect to translational motion achieves for given (nonequi- 
librium) state of electronic subsystem. The equilibrium properties are ex- 
pected to be uncommon since they are determined by resonance interactions 
that appear in the system of identical differently excited atoms. 

The calculation of equilibrium properties of PEG, however, faces with 
some principal difficulties. First, it is necessary to clarify the meaning of 
the concept of PEG. Usually [1,15-19] it was supposed that one has, for 
example, N two-level atoms, iVo of which are in the ground electronic state 
and N\ of which are in excited electronic state, and Nq + N\ = N . However, 
such definition implies the possibility to determine the electronic state of 
each atom, that is impossible, in a system of interacting atoms. Therefore 
one should elucidate whether it is possible to give such "classical" inter- 
pretation to eigenfunctions of Hamiltonian that describes the state of the 
system in question in quantum picture. Considering first the eigenfunctions 
of electronic subsystem one easily notes that analytic with respect to in- 
teratomic interaction energy operator eigenfunctions can be really labeled 
by the numbers of atoms in ground and excited states. Expanding then 
the eigenfunctions of the total Hamiltonian in the eigenfunctions of elec- 
tronic subsystem Hamiltonian one finds that it is still possible to preserve 
the numbers of atoms in the ground and excited states while neglecting by 
certain effective interatomic interactions. It seems quite natural since these 
effective interactions are responsible for exciting or de-exciting of atoms due 
to collisions and hence because of them one is unable to label Hamiltonian 
eigenfunctions by numbers of atoms in the ground and excited electronic 
states. The neglecting by these interactions leads to the mentioned already 
limitations on the time of consideration that should be less than r c . There 
are even faster processes owing to which the classification of Hamiltonian 
eigenfunctions by numbers of atoms in different electronic states is destroyed 
and neglecting by which imposes even smaller upper limit on the observation 
time (e.g. the interaction with electromagnetic field) p0| . 
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The second problem that one faces with is how to apply Gibbs' scheme 
for calculation of equilibrium properties for PEG. Essentially using the re- 
vealed integrals of motion, i.e. the numbers of atoms in the ground and 
excited states, one can construct the equilibrium ensembles and find the 
distribution for them adopting ergodic hypothesis and proving Gibbs' the- 
orems or studying the extremal properties of entropy functional. The most 
convenient for practical calculations is the grand thermodynamical ensem- 
ble of PEG, that is the ensemble of small subsystems of PEG that weakly 
interact with environment via exchange by energy and atoms in different 
electronic states. The probability to detect the system with Nq atoms in 
the ground state and JVi atoms in the excited one with energy Ej( No ^ Nl -j 
reads 



u j(N 0t Ni) ~ ex P 



Here (3 = l/(kT) is the reciprocal temperature and zo = exp(/3/io), z\ = 
exp(/J/zi) are the activities of atoms in the ground and excited states. 
Note, that in comparison with the grand canonical distribution which es- 
tablishes in long runs Ujfm ~ exp —[3(Ej^ N ^ — fiN) = z N exp(— /3Ejrm), 

z = exp(/3/i) is the activity of atoms, the probability of states with excited 
atoms is essentially larger. Really, consider two possible states of the sys- 
tem, first, with Nq — 1 atoms in ground state with the energy Eq and N± + 1 
atoms in excited state with the energy E%, and second, with Nq and Aq 
atoms in the ground and excited states respectively. The ratio of probabili- 
ties of these states in the latter case is exp [(3(Eq - fii)] « 1 whereas in the 
former case it is equal to [ziexp(— (3Ei)]/[zoexp(— (3 Eg)] ~ Ni/Nq. Hence 
the states that practically did not contribute to equilibrium properties ap- 
pear to be very significant in PEG p9]. 

The calculation of energies of states •%(j\r 0) jvi) demands some simplifying 
assumptions. Assuming the atoms to be two-level ones, neglecting the effects 
of the statistics of the atoms, taking interatomic interaction energy operator 
in the electrostatic form with further restriction to the dipole approximation, 
adopting Born-Oppenheimer approximation and taking for the solution of a 
nuclear problem only the zero-order approximation in effective interatomic 
interaction, and taking into account the short-range repulsion by means of 
introducing the atom radius a one can write the initial formula for PEG 
equilibrium properties calculation, i.e. PEG grand canonical distribution, 
in the form: 

1 i / N fi 2 k 2 ' 



3=1 

PE% 0tNljn (Ri,...,R N j\ /E((3,z , Zl ,V), (1) 



z i > ex P|"^ 2M 



xexp 



all Rij > 2cr otherwise &j(No,Ni) = 0- Here ftkj is the momentum of the 
jth atom, M is the mass of the atom, Ejj Q N (Hi, . . . , Rjv) = NqEq + 
NiEi + U^ qNi (. . . ,Rij, . . .) is the 77th eigenvalue of electronic subsystem 
Hamiltonian of N = Nq + N\ atoms in the spatial configuration of atoms 
Ri, . . . , Rat, Rij =| Rj — Rj |, S(/3, Zq, Z\, V) is the PEG grand partition 
function. Note that in contrast to the corresponding formula for two com- 
ponent mixture (1) contains 1/(Nq + Ni)\ but not 1/(Nq\Ni\) due to the 
identity of atoms, and the effective long-range interatomic interaction in 
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the rjth state in group of N = Nq + N\ atoms U^ Q Ni (. . . , Rij, . . .) is essen- 
tially iV-particle, has rather complicated dependence on space configuration 
Ri, . . . , R/v and can be found explicity only for few atoms in the group. 

For two-atom groups one has U2o(Ri2) = — 1 + ct 2 2 — lj {E\ ~~ Eo) ~ 

-la 2 12 (Et - E ), Ul x (R 12 ) = -a 12 (Ex - E ), U^{R 12 ) = a 12 (E 1 - E ), 

U 02 (Ri 2 ) = (j/l + al 2 -lj {E 1 - E ) « \a\ 2 (E x - E ), where ay = 

a/(Rij/a) 3 , a = d 2 /[a s (Ei — Eq)], d is the value of the transitional electri- 
cal dipole moment between the ground and the excited states. U 2 o(R\ 2 ), 
Uo 2 (R\ 2 ) and Ui 1 (Ri 2 ), U 2 1 (Ri 2 ) are familiar van der Waals and resonance 
dipole-dipole interactions. More complicated results of examining the reso- 
nance dipole-dipole interactions in groups of three and four two-level atoms 
can be found in pl| . 

The only method that permits one to obtain grand thermodynamical 
potential Zq, Zi, V) or grand canonical pair spatial distribution func- 
tion J- 2 (Ri 2 ; /3, zq, Zi) is cluster expansion method within the frames of 
which the contributions to the mentioned quantities that arise from the 
groups of larger and larger number of atoms are taken into account succes- 
sively. Formally within such approach one should present Q(/3, Zo, Z\, V) or 
•^2(^12; P, zq, zi ) as a series in the activities zq and z\. The contribution 
from the term that is proportional, for instance, to ZqZ\ is determined by 
(2 + l)-atom cluster integral that originates from the group of three atoms 
two of which are in the ground state and one in the excited state. In such a 
version of the cluster expansion approach many-atom cluster integrals are 
finite algebraic sums of terms each of which tends to infinity with V — ► 00. 
Thus, they should be regularized, that is presented as algebraic sums of 
finite terms. Rather lengthy and tedious details of these calculations are 
omitted; these can be found in |22[ |. Final results can be written in the form 

PSI{P,zq,z u V) _ 
V 

zoho(P) + zi&oiO?) + z 2 b 20 {f3) + zozxhiiP) + «iM$ + 

zlbM + z 2 Zl b 21 (P) + z z 2 b 12 ([3) + z\b m (f3) + ..., (2) 



z$f 20 (Ri 2 ;(3) + z z 1 fn(Rx2;fi) + £f<n{Rvi\P) + 
zlf 3 o(Ri2-,P) + zizJ 21 (R u] p)+z z 2 J 12 (R 12 ,(3)+zff 03 (R 12] f3) 

+ . . . , if R 12 > 2a, 
F 2 {Ri 2 ;P,z ,z 1 ) = 0, if R 12 < 2a, (3) 

where cluster integrals are determined by 

b 20 (P) = h 2 (P)v(3i 20 -8), 

hi(P) = i&io03)&oi03M3»ii - 16), 
bM = \b 2 m ((3)v(M 02 -S), 
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= y b 3 w (f3)v 2 (^30 - 144i 20 + -a 20 + 162 
b 2 i(P) = 3|&ioC3)M/V f 2*2i-144i2o -144*n + |a20 + 5On +486 
M0) = ^b w ((3)b 2 01 ((3)v 2 Qi 12 -144iii-144»o3 + 5an + ^ao2+486) 
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bos(P) = ^oi(/?K (>3 ~ 144i 02 + 2 "02 + 162 ) ; 

hi(Ri2;P) = b w (P)b mjiu 
fo2(Ri2;P) = b 2 01 ((3)j 2, 



ho(Ri2;P) = bl (P)v 



:i30+J 20 (i ? S-16) 



f2i(Ru;P) = %o(P)hi(P)v 
fi2(Ri2;P) = b 10 ((3)b 2 1 ([3)v 



^21 + (i20+jll)(4 3 5- 16 ) 
^12 + (jll+j02)(^-16) 



fo3(Ru;P) = b 3 01 (P)v 



|i03+j02(^ll-16) 



Here i> = 47r<T 3 /3, dimensionless i— , a—, j— integrals are determined by 
long-range effective interatomic interactions, for example, 



^20 



zn = 



i02 



POD 

j ^p 2 {exp[-/3C7 20 (pa)] - 1}, 

dpp 2 j £ eM-PU^(pa)] - 2 j , 
d/9/9 2 {exp[-/3?7o2(p<7)] - 1}; 



j'20 = expf-/3J7 20 (pi2<r)], 
2 

in = XI ex Pf/ 3C7 ll(/ 9 120-)] ) 



A=l 



j 02 = exp[-/3L r 02 (pi2O-)]; 



explicit expressions for other integrals can be found in |22|, F$ s = 8 - 

3R 12 /a + (R 12 /af/W if 2a < R 12 < 4a and F§1 = if 4a < R 12 . The 
obtained results (2), (3) permit to obtain second and third virial coefficients 
in the virial state equation 



v = \p 



1 + P B 2 ((3, c , ci) + P 2 B 3 {P, c , ci) + . . . 



S 2 (/3, c , ci) = 4v - -v (cli 20 + cociiii + cfi 2 



£ 3 (/?,c ,ci) = Hh; 2 - 
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c \ 



c ci ( -i2i - 9i 2 o«n 



4*11 + 2°20 + 2 Q n I + 



<'W1 [ 2 il2 ~ 4 Z n ~~ 9 *ii*02 + + 2 Q ° 2 ) + 

/ 3 3 
c l ( 2*°3 - 9*02 + 2 "o 2 



(4) 



and two- and three-particle contributions to the series in degrees of density 
for canonical pair spatial distribution function 

F 2 (Ri2](3,c ,ci,p) = 

FP (R 12 ; P, co , ci ) + P F® (R 12 ;/3,c ,c 1 ) + ..., if R 12 > 2a, 
F 2 (Ri 2 ;P,co,ci,p)=0, if R\ 2 < 2a, 

F 2 \Ri 2 ; P,cq,ci) = clj 20 + CQCijn + cjj 02 , 



fP(R 12 ;P,c , Ci ) 



V < c, 



6«20 320 



+ 



Cqc\ 



,3 
c l 



2^21 + (f { h S - 3in) J20 + fi^s - 3 *20 - ^hi) Jll 
|j'l2 + (Fhs ~ 2*11 - 3^02^) jll + (-^5 - 3in) J02 

3 

77.703 + (-FffS ~ 6i 02) 302 



+ 
+ 



(5) 



It should be noted, that the results obtained are in agreement with the 
well known expressions for virial coefficients and the contributions to the 
expansion in the density of the pair spatial distribution function, and the 
developed approach may b e vi ewed as a generalization of many-particle 
Mayer functions formalism |23|] for the systems with quantum resonance 
interactions. 

Let's discuss briefly the results of numerical calculations that is the 
main purpose of the present paper. Within the adopted approximations the 
atom is characterized by the mentioned already dimensionless parameter a. 
The dimensionless temperature, distance, pressure, density convenient for 
presentation of numerical results are determined by r = \/[(3(E\ — Eq)], 
P12 = R\ 2 ja, 7r = pv/(E\ — Eq), t] = pv. In fig.l the temperature depen- 
dences of the second and third virial coefficients for different cocentrations 
of excited atoms c\ = N\/{Nq + N\) are depicted. In figs. 2, 3 two- and 
three-particle contributions to pair spatial distribution function at different 
concentrations of excited atoms and temperatures are shown. One can easily 
note that in high-temperature limit, when the mutual attraction of atoms 
becomes not essential, two- and three-particle contributions correspond to 

the values of these quantities for a gas of hard spheres: B 2 (/3, cq, c±) /3 -^° 4v, 



# 3 (/3,c ,ci) 

,(3) 



(3^0 



Wv 2 , fP(R 12 ;(3,co, Ci ) 



(3^0 



1, fP(R 12 ;P,c , Ci ) 



vFjjg. While the temperature decreases the role of long-range interactions 
increases. Moreover, it is important what is the concentration of excited 
atoms. In the absence of excited atoms the long-range interaction contri- 
butions are caused by van der Waals interaction. In the presence of excited 
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atoms there apear the contributions of resonance dipole-dipole interaction; 
the concentrations of atoms in the ground and excited states control the con- 
tributions of different interactions. It can be shown that the sum of terms 
that are resonance interactions in the group of I = Iq + 1\ atoms found in the 
first order of pertubation theory is equal to zero, Yl\ Uhu {■—,Riji ■■■) = 0, 
and therefore the equilibrium properties do not contain a contribution that 
is linear in resonance interaction. Thus in dipole approximation one has 
the contributions caused by the square of resonance dipole-dipole interac- 
tions that are accompained by a factor (3 2 in contrast to the contributions 
from the van der Waals interactions which are accompained by factor (3 
(compare 120^02 and in, J203J02 an d ill)- That is why the presence of 
excited atoms essentially influences the temperature dependences of sec- 
ond and third virial coefficients and two- and three-particle contributions 
to canonical pair spatial distribution function. 

Due to described peculiarities the presence of excited atoms slightly 
influences the PEG isoterms at high temperatures and is significant at low 
temperatures. It is worthwhile to discuss the behaviour of the PEG isoterms 
with the decreasing of temperature. One can easily see from (4) and fig.l 
that at the presence of excited atoms with decreasing of temperature the 
pressure is influenced by two factors: decreasing of 4 in (4) and increasing 

of p 2 B3(f3,co,ci) (the latter essentially depends on c\). Due to the latter 
factor it may happen so that for the fixed density the pressure will increase 
with decreasing of temperature. However, for smaller densities the role of 
the second factor decreases and the isoterms depend on temperature in a 
usual way: for fixed density with decreasing of temperature the pressure 
decreases. 

Combining (5) and the results depicted in figs. 2, 3 one finds that canoni- 
cal pair spatial distribution function in the absence of excited atoms weakly 
depends on temperature whereas in the presence of excited atoms due to 
the contributions of resonance dipole-dipole interaction the temperature 
dependence is very strong. It is known that short-range hard sphere re- 

pulsion leads to increase of F% (ifo;/?, cq,c\) at the range of distances be- 
tween 2a and 4<r whereas the contributions of attraction leads to decrease of 
F2 (-R12; /3, Co, ci) p4|] . Since the latter contribution in the presence of ex- 
cited atoms stronglyaepends on temperature the presence of excited atoms 
is of great significance for structural properties. 

The obtained results qualitatively agree with such results for systems 
with short-range repulsion and long-range attraction. They are most sim- 
ilar to the res ults for Stockmayer potential that is used for a gas of polar 
molecules p5[ . 

On the Dase of obtained virial state equation one can construct in a 
standard way van der Waals type state equation 

0p = p /(l - p b) - p 2 (3a{(3), b = Av, a{(5) = a 1 + a"{0), 
a' = (c - c 1 )va 2 (E 1 - E )/32, a"(J3) = c Q civa 2 (3{E 1 - E ) 2 /16. (6) 

It should be noted that the constant a{(3) that describes the change in 
pressure due to long-range interaction because of temperature dependence 
of the contribution to the second virial coefficient of the resonance dipole- 
dipole interaction depends on temperature. PEG state equation (6) together 
with Maxwell rule permits one to construct gas-liquid coexistence curves in 
the presence of excited atoms (fig. 4) 



Another type of PEG state equations that was first pointed out in [15] 



permits to study excimer molecules formation in PEG pffl. Taking into 
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account in (2) only two-particle contributions, neglecting by &2o(/?) an d 
bo2{P)j and expressing zq, Z\ via po = pco and p\ = pc\ one gets (3p = 
po + pi - zoZihiiP), zi = [po - zobio(/3)]/[zobiiW)], z = [po- p\-b w {f3) 
x 601 ((3) /b u ((3) ± { [pi-po+610 C9)6oi (P)/bn (/3)] 2 +Wio ((3)b 01 (f3)/b n ((3) j 1 / 2 ) 
/[26ioC9)] 9 zo*iM#> = (p + M/3)M/?)/M/3) -F {[pi - Po + M£)M£) 
/6n(/3)] 2 + 4 /0o &io(/3)&oi(/5)/6 11 (/3)} 1 /2)/ 2 and therefore 

£ ho(P)boi(P) 



± 



2 26iiC9) 
&io(/3)6oiC9) 



1+ (fii - Po)bu(P) 



bio(P)boi(P) 



+ 4P %io(/?)6oi(/3)- (7) 



The upper sign should be taken in (7) since such a choice leads to ideal 
state equation for small densities p. Rewriting r.h.s. of equation (7) as 
(N Q + Ni + N m ) /V, where N = N - N m , N 1 = Ni - N m are the numbers 
of free atoms in the ground and excited states, and N m is the number of pairs 
non-excited atom - excited atom, that are identified with excimer molecules, 
one finds for excimer molecules density p m = N m /V that 

_ P , b l0 (l3)b 01 (f3) 
pm ~2 + 2b u ((3) 

b w ((3)b i((3) 



26n(/3) 



1 + 



(pi - p )b u (P)] 2 , , b n (P) 



bio(P)boi(f3) 



+ 4/9Q 



b w ((3)b 01 ((3Y 



In fig. 5 the dependences of excimer molecules density on pressure for sev- 
eral temperatures and concentrations of excited atoms are depicted. The 
increasing of excimer molecule density with the increasing of pressure seems 
quite natural and does not contradict to experimental data on the depen- 
dence of radiation intensity of excimer laser on the gas pressure [^] . 

To summarize, we present results of equilibrium statistical properties 
investigation of a gas with excited atoms within cluster expansion method 
with the accuracy up to three-atom groups contributions. Thermodynam- 
ical and structural properties are strongly influenced by resonance interac- 
tions the contributions of which to equilibrium statistical properties have 
special temperature dependence. The obtained results may be developed 
in different directions. In particular, they permit to study the influence of 
excited atoms on gas-liquid phase transition and to estimate a number of 
excimer molecules that form in the gas with excited atoms. 

The authors are gratefully acknowledge many helpful discussions with 
Academician I.R.Yukhnovskii and would like to dedicate the present paper 
to him on his seventieth birthday. 



References 

[1] V. N. Malnev, S. I. Pekar. Intrermolecular interaction and the equation 
of state of an highly excited gas. // Zh.Eksp.Teor.Fiz., 1966, vol. 51, 
No 6, p. 1811-1820 (in Russian). 

[2] S. A. Losev, A. I. Osipov. Issledovanije neravnovesnych javlenij v 
udarnych volnach. // Usp.Fiz.Nauk, 1961, vol. 74, No 3, p. 393-434 
(in Russian). 



EQUILIBRIUM PROPERTIES OF GAS WITH EXCITED ATOMS 



9 



[3] Ju. L. Klimontovitsch. Kinetitscheskaja teorija elektromagnitnych pro- 
zessov. M.: Nauka, 1980. 376 p. (in Russian). 

[4] A. S. Davydov. Kvantovaja mechanika. M.: Fismatgis, 1963. 748 p. (in 
Russian). 

[5] A. Yu. Hlauberman. Kvantova mekhanika. L'viv: Vydavnytstvo L'viv- 
s'koho universytetu, 1962. 508 p. (in Ukrainian). 

[6] B. M. Smirnov. Vosbushdjonnyje atomy. M.: Energoisdat, 1982. 232 p. 
(in Russian). 

[7] H. -W. Drawing. Zur formelmafiigen darstellung des ionisierungs- 
querschnitts fur den atom-atomstofi und iiber die ionen-elektronen- 
rekombination im dichten neutralgas. // Z.Physik, 1968, vol. 211, No 
4, p. 407-417 (in German). 

[8] H. W. Drawing. Collisional-radiative ionization and recombination co- 
efficients for quasi-stationary homogeneous hydrogen and hydrogenic 
ion plasmas. // Z.Physik, 1969, vol. 225, No 5, p. 470-482. 

[9] H. W. Drawing. Influence atom-atom collision, on the collisional- 
radiative ionization and recombination coefficients of hydrogen plas- 
mas. // Z.Physik, 1969, vol. 225, No 5, p. 483-493. 

[10] L. S. Polak, A. A. Ovsjannikov, D. I. Slovezkii, F. B. Vursel'. Teo- 
retitscheskaja i prikladnaja plasmochimija. M.: Nauka, 1975. 304 p. 
(in Russian). 

[11] A. J. Kelly. Atom-atom ionization cross sections of the noble gases - 
argon, krypton, and xenon. // J.Chem.Phys., 1966, vol. 45, No 5, p. 
1723-1732. 

[12] A. J. Kelly. Atom-atom ionization mechanisms in argon-xenon mix- 
tures. // J.Chem.Phys., 1966, vol. 45, No 5, p. 1733-1736. 

[13] H. Griem. Prozessy islutschenija v plasme. / / Osnovy fisiki plasmy, pod 
red. R.S.Sagdeeva i M.Rosenbljuta, t.l. M.: Energoatomisdat, 1983, p. 
82-121 (in Russian). 

[14] B. L. Earl, R. R. Herm, S. -M. Lin, C. A. Mims. Photodissociation of 
NaJ vapor and the energy dependence of the quenching of Na*(3p 2 P) 
by foreign gases. // J.Chem.Phys., 1972, vol. 56, No 2, p. 867-882. 

[15] Yu. A. Vdovin. The equation of state of an excited gas of resonance 
atoms. // Zh.Eksp.Teor.Fiz., 1968, vol. 54, No 2, p. 445-455 (in Rus- 
sian). 

[16] V. N. Malnev. Equation of state of an excited gas. / / Zh.Eksp.Teor.Fiz., 
1969, vol. 56, No 4, p. 1325-1337 (in Russian). 

[17] V. N. Malnev, S. I. Pekar. On the theory of intermolecular interaction 
and the equation of state of an excited gas. / / Zh.Eksp.Teor.Fiz., 1970, 
vol. 58, No 3, p. 1113-1118 (in Russian). 



10 



O. Derzhko, R. Levitskii, O. Chernyavskii 



[18] S. M. Bortsaikin, L. P. Kudrin, V. M. Novikov. Second virial coef- 
ficient for a system with resonant transfer of atomic excitation. / / 
Zh.Eksp.Teor.Fiz., 1971, vol. 60, No 1, p. 83-89 (in Russian). 

[19] T. M. Makhviladze, M. E. Saritchev. Gas-liquid phase transition in- 
duced by light. // Zh.Eksp.Teor.Fiz., 1976, vol. 71, No 4, p. 1592-1599 
(in Russian). 

[20] O. V. Derzhko. Theory of equilibrium properties of a system of atoms 
some of which are excited. // Dokl. Akad. Nauk SSSR, 1988, vol. 303, 
No 6, p. 1361-1365 (in Russian); Sov. Phys. Dokl., 1988, vol. 33, No 
12, p. 946-948. 

[21] I. R. Yukhnovskii, R. M. Kadobyanskii, R. R. Levitskii, O. V. Derzhko. 
Effective interactions in groups of identical particles containing excited 
ones. // Ukr. Fiz. Zh., 1989, vol. 34, No 2, p. 300-307 (in Russian). 



EQUILIBRIUM PROPERTIES OF GAS WITH EXCITED ATOMS 



11 



[22] I. R. Yukhnovskii, O. V. Derzhko, R. R. Levitskii. Cluster expansion 
method in the theory of equilibrium properties of a gas of atoms of 
which a part is excited. // Physica A, 1994, vol. 203, No 3,4, p. 381- 
413. 

[23] Y. Singh, S. K. Sinha. Semiclassical statistical mechanics of fluids. / / 
Phys.Rep., 1981, vol. 79, No 4, p. 213-329. 

[24] R. Balescu. Equilibrium and nonequilibrium statistical mechanics. New 
York-London-Sydney- Toronto: A Wiley - Interscience Publication John 
Wiley and Sons, 1975. 

[25] J. O. Hirschfelder, Ch. F. Curtiss, R. B. Bird. Molecular theory of gases 
and liquids. New York: John Wiley and Sons, London: Chapman and 
Hall, 1954. 

[26] I. R. Yukhnovskii, R. R. Levitskii, O. V. Derzhko, R. P. Novak. 
Resonance irradiation influence on the gas-liquid phase transition. // 
Phys.Lett.A, 1989, vol. 141, No 1,2, p. 18-24. 

[27] R. P. Novak, O. V. Derzhko. Equation of state of partially excited gas 
and eximer formation. // Materialy 4 konferentsii molodych uchenych 
fisitscheskogo fakulteta L'vovskogo universiteta /g.L'vov, 18-19 aprelja 
1990g./ Dep. v UkrNIINTI 30.04.91g., N763-Uk91, p.29-31 (in Rus- 
sian). 

[28] A. Ulrich, H. J. Kdrner, W. Krotz, G. Ribitzki, D. E. Murnick, 
E. Matthias, P. Kienle, D. H. H. Hoffmann. Heavy-ion excitation of 
rare-gas excimers. // J.Appl.Phys., 1987, vol. 62, No 2, p.357-361. 



